New chloroantimonite glasses were obtained in the Sb 2 O 3 -PbCl 2 -AgCl ternary system. Their thermal, optical, and mechanical properties are studied. The concentration of silver chloride increases at the expense of antimony oxide accordingtothe following composition rules: (80-x)Sb 2 O 3 -20PbCl 2 -x AgCl and (70-x)Sb 2 O 3 -30PbCl 2 -x AgCl . Depending on the AgCl content, Vickers microhardness varied between 110 MPa and 140 MPa. The elastic moduli were measured by ultrasonic velocity. The optical transmission range extended from 400 nm in the visible spectrum to 7 µm in the infrared spectrum. The refractive index was close to 2. The glass transition temperature measured by the DSC ranged from 250 to 290°C. It is shown that the glass transition temperature decreases as AgCl substitutes for Sb 2 O 3 and a more stable system was with 20% PbCl 2 in the (80-x)Sb 2 O 3 -20PbCl 2 -x AgCl .
The main physical properties of these starting materials are given in Table 1 . Glass preparation was carried out using the classic processing steps of melting, fining, cooling, casting, and annealing. The calculated amount of starting materials was thoroughly mixed in an agate mortar, and then introduced into a silica tube. Silica was not an ideal material for this glass synthesis as it slowly reacts with melted glass. However, it is a better choice than platinum or gold both of which may form alloys if oxide-reduction reactions result in metallic particles. In this case, the crucible was destroyed.
After melting, fining was realized in the room atmosphere at about 850°C. Then the melt was rapidly cooled down to approximately 600°C and poured onto a brass mold preheated to 250°C, which is around the glass transition temperature T g . After solidification, the sample was set in an oven at T g for the thermal homogenization for the removal of the thermally induced stresses. After a few hours, the oven was turned off to ensure homogenous cooling.
Physical Measurements. The characteristic temperatures, i.e., T g for the glass transition, T x for the onset of crystallization, and T c for the exotherm maximum were measured by differential scanning calorimetry using a DSC Q20 set-up from TA Instruments.
The density was measured by the Archimedean method using CCl 4 as buoyancy liquid. The molar volume was found from the following equation [19] :
where x i is the molar fraction of the i element, M i is the molar weight of the i element and ρ is the material density. The molar weight of the glass M g is expressed as
this directly depends on the chemical formulation. Microhardness was measured by using a Matuzawa Vmt 75 set-up with a loading charge of 50 N and an indentation time of 10 sec.
The elastic moduli were measured by the ultrasonic velocity using a "Parametric 5800" device and a "Model 54502" oscilloscope.
Optical transmission was recorded in the UV-visible range using a Perkin Elmer spectrophotometer between 300 nm and 3000 nm. For the infrared transmission, a Bruker Tensor 37 Fourier transformed spectrometer was used between 400 cm -1 and 4000 cm -1 . 
Results and Discussion
Glass Formation. The starting point of our study was the binary glass Sb 2 O 3 -PbCl 2 reported by Dubois, et al. [5] . The third component was added to form a ternary system. According to our results, the glass forming area in this system is shown in Fig. 1 . The limits of the vitreous domain correspond to small spheres, roughly 1 mm in diameter. Larger and thicker samples can be obtained for the nonlimiting composition. Antimony oxide was the main component, while the PbCl 2 concentration did not exceed 40 mol.% and the maximum content of AgCl was less than 30 mol.%. Note that no binary glass was observed in the Sb 2 O 3 -AgCl system. The vitreous state was assessed by the visual inspection and confirmed by the thermal analysis. Samples several millimeters in thickness were prepared for optical and mechanical measurements. It appears that the most stable compositions correspond to the 20% molar concentration of lead chloride.
Density and Molar Volume. The density was measured for two series of glasses specified by the following composition rules:
This corresponds to the substitution of AgCl for Sb 2 O 3 . The collected data give information about the influence of silver chloride on the physical properties. Figure 2 reports the changes in density and molar volume versus the AgCl concentration.
Both the density and molar volume decreased as AgCl replaced Sb 2 O 3 . The molar weight corresponds to the chemical formula: αSb 2 O 3 -βPbCl 2 -γ AgCl with α + β + γ = 100.
The density was measured for the two series of glasses, which makes it possible to evaluate the influence of the composition. The influence of Sb and Ag on the values of density is illustrated by Fig. 2 .
For each curve, the content of lead chloride was kept constant. The decrease in density resulting from the Sb/Ag substitution could be expected because the Ag + ion is larger and lighter than the Sb 3+ ion, while chlorine anions are also larger than oxygen anions. This results in a smaller number of ions per unit volume. The combination of these two factors (size and atomic weight) explains the decrease in density. The density and molar volume follow almost quasilinear slopes, especially for the (70 -x)Sb 2 O 3 -30PbCl 2 -xAgCl system. 
Our measurements allow the comparison of glasses with 20% and 30 mol.% lead chloride corresponding to the substitution of antimony oxide by lead chloride.
When x = 5 or 10 (AgCl), the density (e.g.,
glass system (Fig. 2b) . However, when x increases to 15 and becomes as high as 25, then the density (e.g., x = 25, ρ = 5.22 g/cm 3 ) of the (70 -x)Sb 2 O 3 -30PbCl 2 -xAgCl glass system is much smaller than the density (e.g.. Thermal Properties. The characteristic temperatures of the selected glasses were measured. They included the temperature of glass transition T g , the temperature of the onset of crystallization T x , and the exothermic maximum T c .
The T x −T g difference gives a qualitative criterion of stability versus devitrification. Their variation as a function of the AgCl concentration is shown in Fig. 3 . The general trend was that T g decreases as AgCl is sub- 
stituted for Sb 2 O 3 . This substitution increases the Cl/O ratio. As the AgCl bond is weaker than the Sb-O bond, the resistance to thermal motion decreases and, hence, T g becomes lower.
As this is currently observed in multicomponent glasses, there is no direct relationship between the variations of T g and the stability of glass. While the value of T g mainly depends on the strength of bonds and glass structure, the crystallization temperature is ruled by the nucleation and crystal growth. Both processes are temperature dependent but they cannot be simply correlated with the chemical composition. For this reason, the development of a glass composition stable against the devitrification remains largely empirical.
In Table 2 , we present the detailed compositions of the investigated glass samples. The DSC scans in Fig. 4 suggest that the glasses far from the limiting compositions were very stable since the crystallization peak is hardly visible at the DSC heating rate (20°K/min).
Vickers Microhardness and Young's Modulus.
To characterize the hardness and the mode of deformation of the glass surface, we used the indentation hardness technique.
When a sharp indenter, such as the Vickers indenter, acts upon a material, a residual surface impression is observed after unloading, and the material hardness is, in general, estimated according to the projected area of the impression. The deformation depends on the applied load, temperature, and the load time.
Indentation experiments were performed with a Vickers diamond indenter. The Vickers diamond pyramid hardness was determined in practice by measuring the diagonal length of the indentation produced by the penetration of a square-based pyramid with an angle of 136° between the opposite faces of the pyramid. The hardness 
where F is the applied load and d is the average length of a diagonal of the square left by the indenter. Although the diagonal d in Eq. (2) is obtained by measuring after the removal of the load, it is known that the changes in the lengths of diagonals after unloading are very small [20] and almost insignificant as compared with the length of the diagonal itself.
The Vickers hardness was computed for each sample by using the average residual area for nine indentations.
The microhardness was measured for the two sample systems as shown in Fig. 5 . For the studied glasses, the initial value of hardness was approximately equal to 140 N/mm 2 and decreased according to the AgCl concentration. This decrease can reach 22% if we insert more and more AgCl in the glass network. This confirms the fact that AgCl is able to soften the glasses. However, this case is not similar to the case of PbCl 2 , which leads to a decrease in the glass hardness. Thus, increasing PbCl 2 from 20 mol.% to 30 mol.% lowers the microhardness from HV = 130 MPa to 110 MPa (Fig. 5) .
Note that the microhardness is also connected with the dilatometric softening point. The glass microhardness systematically decreases according to the softening temperature which depends on the transition glass temperature T g . Thus, the respective changes of microhardness and glass transition temperature are similar.
Flaking. Tenacity represents the resistance of the material against the defect or crack propagation. It is expressed in MPa m .
When the percentage of AgCl increases, we obtain soft glasses with an increase in tenacity. Indeed, for 20% AgCl (Figs. 6a, c) , radial cracks are visible and start from the top of each corner of the Vickers indenter footprint. These cracks are between 0.1 and 0.2 mm. The increase in the concentration of AgCl (from 10 to 25%) makes a tough material and radial cracks disappear (Figs. 6b, d ).
Note that one more effect is the production of glass flakes overlapping toward the thinner parts of the sample, which appear on either side of the footprint of the diamond indenter. Infrared and UV Transmission. Figure 7 shows the ultraviolet-visible transmission spectrum. A Perkin Elmer spectrophotometer was used on 2-mm-thick samples. The level of maximum transmission (about 65%) was due to the fact that the refractive index was greater than 2, which caused the reflection losses. The base line of the E glass sample (Fig. 7, dotted line) is shifted toward lower values of transmission because it contains physical defects that result in high scattering losses. These physical defects consist of "stones" and "cords" visible to the naked eye. They result from the processing conditions and lead to scattering losses that decrease as the wavelength increases. The yellow color of antimony glasses reflects their limited ultraviolet transmission below 400 nm and partial blue absorption. This is due to the low gap band of the free electron pair of Sb (III).
In these glasses, the infrared transmission is limited by chemical bond vibrations and their harmonics that create the multiphonon absorption edge.
A Bruker Tensor 37 Fourier transformed spectrometer was used to measure the infrared transmission (2.5 µm to 25 µm) by using 2-mm-thick samples with parallel plane sections. Figure 8 gives the IR transmission for two samples of the studied systems. For clarity, the base line has been raised.
The main extrinsic absorption bands in these antimonite glasses are due to OH (3300 cm -1 ) , to Si-O bonds (1800 cm -1 ), or to carbon dioxide (2400 cm -1 ).
Influence of Silver Chloride on the Transparency of Glass. The increase in the AgCl concentration (from 5% to 25%) in the system (70 -x)Sb 2 O 3 -30PbCl 2 -xAgCl dims the obtained glasses (Fig. 9) . The same phenomenon was observed for the second studied system (80 -x)Sb 2 O 3 -20PbCl 2 -xAgCl. This exemplifies the photosensitivity of these glasses: under light illumination, monovalent silver is reduced by trivalent antimony to silver chloride, leading to the formation of metallic silver nanoparticles.
CONCLUSIONS
Glass formation has been studied for the Sb 2 O 3 -PbCl 2 -AgCl ternary system. In this system, two groups of glasses were prepared according to the following composition rules: (80 -x)Sb 2 O 3 -20PbCl 2 -xAgCl and (70 -x)Sb 2 O 3 -30PbCl 2 -xAgCl. The increase in the molar concentration of AgCl leads to the decrease in the molar volume and the density of glass. The increase in the PbCl 2 concentration gives the same effect. Similar variations were observed for the transition glass temperature according to AgCl and PbCl 2 concentrations. A practical observation is that the system with 20% of PbCl 2 in the ((80 -x)Sb 2 O 3 -20PbCl 2 -xAgCl) series is more stable. Young's modulus and microhardness behave in the same way and both decrease when the AgCl concentration increases. The higher values of hardness and Young's modulus are obtained in the previous (80 -x)Sb 2 O 3 -20PbCl 2 -xAgCl system and the maximum was observed for an AgCl concentration of 5%. Finally, this study showed the interest in AgCl, which can produce optimized glasses for various applications.
